INTRODUCTION {#SEC1}
============

The precise recognition and interaction of proteins with their cognate DNA sequences is essential for all living cells. Specific binding of DNA by protein is achieved through direct interactions with a DNA-binding motif and spatial complementarity to a unique DNA structure ([@B1]). Protein binding to DNA involves a strong electrostatic contribution, with the positively charged surface of the DNA-binding site of the protein promoting binding to the negatively charged DNA ([@B2]). However, as electrostatic interactions are weakened in the face of increasing salt concentrations ([@B11]), it is not clear how specific recognition of DNA targets by proteins takes place in the hypersaline cytoplasm of halophilic archaea, such as *Halobacterium* sp. NRC-1 (*Hbt. salinarum*).

Like other haloarchaea, *Hbt. salinarum* requires high-salt conditions for their survival. To cope with such harsh surroundings and avoid osmotic shock, the cytoplasm of haloarchaea is highly enriched in salt ([@B12]). Consequently, many cellular components in haloarchaea have adapted so as to properly function in such environments. For instance, halophilic proteins are enriched in acidic residues and fold such that the majority of these negatively charged residues are exposed on the protein surface, as seen first in the structures of haloarchaeal malate dehydrogenase and ferredoxin ([@B13],[@B14]). This strategy enables halophilic proteins to remain soluble and active in molar salt concentration surroundings ([@B15],[@B16]). Nonetheless, questions regarding the maintenance of the essential interactions between macromolecules in a hypersaline cellular environment, particularly protein--DNA interactions, remain unanswered.

Previous work has shown that high concentrations of hydrogen peroxide lead to increased expression of the *Hbt. salinarum* ROS-dependent regulator *hs*RosR (VNG0258H) ([@B17]). *hs*RosR plays a key role in the response to oxidative stress by directly activating or repressing genes encoding transcription factors (TFs) and other proteins that are required for adaptation to extremely oxidative conditions ([@B18]). While genomic target sites have been proposed for *hs*RosR under physiological conditions and during oxidative stress ([@B17],[@B18]), the precise genomic binding sequences have yet to be defined.

Recently, we determined the structure of the free *hs*RosR protein ([@B19]), the only structure to be determined to date of a halophilic MarR/PadR DNA-binding protein. *hs*RosR is a winged-helix-turn-helix (wHTH) protein with unique features reflecting adaptation to the hypersaline environment. By using anomalous diffraction from crystals, we unambiguously located ions (bromide or chloride) in the first shell around the protein and in the DNA-binding site ([@B19]). To define the DNA motif recognized by *hs*RosR and gain insight into how its specific DNA targets are recognized, we determined the crystal structures of *hs*RosR in complex with different DNA target sequences, identified using SELEX ([@B20],[@B21]) and genomic SELEX ([@B22]) (gSELEX). In addition, the effect of salt on such binding was examined. The structural data presented here, supported by biochemical and biophysical studies, shed light on the process of specific DNA-binding in an extremely high-salt environment.

MATERIALS AND METHODS {#SEC2}
=====================

*hs*RosR expression and purification {#SEC2-1}
------------------------------------

*hs*RosR was expressed and purified as previously described ([@B19])

SELEX {#SEC2-2}
-----

KCl is the dominant salt in the cytoplasm of *Hbt. salinarum* ([@B23]), hence all the selection and most binding experiments were performed in KCl throughout the work. To identify DNA sequences recognized by *hs*RosR by SELEX, a library of sequences was generated. The initial SELEX library was a pool of synthesized oligonucleotides (IDT, Israel) comprising 35 bp-long randomized DNA fragments flanked by 20 bp-long primers for PCR amplification. This initial library was prepared using seven PCR cycles. The random DNA fragments generated were separated on a polyacrylamide gel and extracted. As the classical electrophoretic mobility shift assay (EMSA) ([@B24]) routinely used in SELEX is not compatible with the high-salt concentrations required to keep the protein well folded ([@B19]) and hence able to bind DNA, the protocol described by Bouvet ([@B25]) was used with a few modifications. Following this protocol, purified *hs*RosR-His~6~ (0.4 mg/ml) was bound to 50 μl Ni^2+^-NTA beads, equilibrated and washed three times in 200 μl binding buffer (50 mM HEPES, pH 7.0, 1.75, 3 or 4 M KCl, 0.02% azide), prior to the addition of DNA sequences (1 μg) from the initial library. The *hs*RosR--DNA binding reaction was carried out at room temperature for 5 min by rocking the beads in an Eppendorf tube. After washing three times with 200 μl binding buffer, the protein and bound DNA were eluted and separated using 200 μl elution buffer (50 mM HEPES, pH 7.0, 300 mM imidazole, 0.02% azide). Aliquots (2 μl) from the eluted fractions were subjected to 14 cycles of PCR amplification and the products were separated on a polyacrylamide gel. After extraction from the gel, the DNA fragments served as input for another round of selection. Products of SELEX rounds 1, 4 and 7 in high-salt conditions (4 M KCl) and round 10 in all experiments were sequenced at the Technion Genome Center (Haifa, Israel) by deep sequencing on a MySeq or HySeq machine (Illumina). Bioinformatics and statistical analyses, as well as visualization of the results, were carried out using the Galaxy package and server ([@B26],[@B27]).

gSELEX {#SEC2-3}
------

The starting point for gSELEX experiments was a pool of oligonucleotides comprising ∼150 bp-long genomic DNA fragments flanked by known primers for PCR amplification, prepared as described ([@B22]). The quality of the initial library was tested using random primers from across the genome ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). gSELEX cycles and analysis were carried out as for SELEX described above. The enriched fragments were aligned to the *Hbt. salinarum* genome using Bowtie ([@B28]). MACS ([@B29]) was used to identify putative DNA-binding sites. Visualization of the results was carried out using the Galaxy package and server ([@B27]).

Fluorescence anisotropy (FA) {#SEC2-4}
----------------------------

Candidate target double strand (ds)-DNA was labelled with 5 (6) carboxyfluorescein (5 (6)-FAM) at the 5′-end (IDT, Israel). FA ([@B30]) of the labelled DNA was performed using a Synergy 2 apparatus (BioTec, Winooski, VT). Parallel and perpendicular emissions were recorded at 528 nm at 15 sec intervals after excitation at 485 nm in 96-well plates for 20 min. Before measuring fluorescence intensity, 300 μl of samples containing 4 nM labelled DNA and increasing concentrations of *hs*RosR were incubated in binding buffer (50 mM HEPES, pH 7.0, 2, 2.5, 3, 3.5 or 4 M KCl or other salts, 0.02% azide) for 5 min at room temperature. The final *K*~d~ for binding was determined using SigmaPlot software by fitting the Michaelis--Menten equation to the data.

Isothermal titration calorimetry (ITC) {#SEC2-5}
--------------------------------------

ITC ([@B31]) measurements of interactions of *hs*RosR with sequence S1 (25 bp) were performed at a constant temperature (25°C) by titrating the DNA sample into a solution containing *hs*RosR in binding buffer (50 mM HEPES, pH 7.0, 2 or 3 M KCl, 0.02% azide) in the sample cell of a low-volume Nano ITC unit (TA Instruments, New Castle, DE). As a control, a titration of sequence S1 (25 bp) into the same solution was performed. In an ITC competition assay, a solution containing bromide ions (20 mM HEPES, pH 7, 3 M KCl, 0.1 M KBr and 0.02% azide) was injected into a solution containing the *hs*RosR--S1 complex in binding buffer (20 mM HEPES, pH 7, 3 M KCl and 0.02% azide). As a control, titration of binding buffer into the same solution was performed. Heat changes were recorded and expressed as electrical power (J s^−1^). The complete thermodynamic profile of the reaction, including the equilibrium constant (*K*~d~) and binding stoichiometry (*n*), was also obtained ([@B32]). For controls, each DNA sequence was injected into buffer without protein. All measurements were compared to those obtained using a reference cell containing DDW.

Fluorescence spectrometry {#SEC2-6}
-------------------------

Changes in intrinsic tryptophan fluorescence were recorded at ambient temperature using a Fluorolog-3 apparatus (Horiba Scientific, Edison, NJ) equipped with quartz cell with a 1-cm optical path length. A 1 ml sample of *hs*RosR at a 2 μM concentration in buffer containing 50 mM HEPES, pH 7.0, 2 or 3 M KCl and 0.02% azide was measured at *λ*~ex~ 280 nm, while the emission spectrum for each salt concentration was recorded at 300--450 nm.

Crystallization of protein--DNA complexes {#SEC2-7}
-----------------------------------------

Prior to crystallizing *hs*RosR--DNA complexes, complementary DNA sequences were annealed in 10 mM STE buffer (10 mM Tris--HCl, pH 8, 100 mM NaCl and 1 mM EDTA) for 5 min at 95°C and then gradually cooled overnight to 20°C. Purified protein was mixed with DNA sequences at different ratios ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) for 5 min before crystallization.

The complexes were crystallized by the sitting-drop vapour diffusion method. One microlitre complex solution (20 mM HEPES, pH 7, 2 M KCl and 0.02% azide) was mixed with 1 μl well solution ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) at 20°C. As in the case of the free protein ([@B19]), ammonium sulfate served as precipitant. Addition of minor quantities of MnCl~2~, which does not affect the DNA binding (see [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), proved to be essential for producing a crystal form that accommodated the complexes ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). For data collection, crystals were cryo-protected using paratone oil (Hampton Research, Aliso Viejo, CA).

X-ray data recording, structure determination and refinement {#SEC2-8}
------------------------------------------------------------

Data were recorded at the European Synchrotron Radiation Facility (ESRF, Grenoble, France) and the Swiss Light Source (SLS, PSI, Switzerland) and processed using XDS ([@B33],[@B34]) and Pointless/Aimless ([@B35],[@B36]) from the CCP4 package ([@B37]). Datasets that showed anisotropic diffraction were further processed with the STARANISO server (<http://Staraniso.globalphasing.org/cgi-bin/staraniso.cgi>). The structures of complexes of *hs*RosR with the various sequences were solved by molecular replacement (MR) using CCP4 Phaser ([@B38]) by reading two structural models (assemblies) into the program in the same run. One model was that of the unbound protein, VNG0258H/RosR ([@B19]) (KCl form; PDB code: 6FDH) and the second was a DNA model derived from *Mycobacterium tuberculosis* MosR ([@B39]) (PDB code: 4FX4) but with the S1, S4, S5 or SG sequences ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The correctness of the molecular replacement solution derived for each of the protein--DNA complexes was verified by running Phaser again with the model of the complete protein--DNA complex. The structures were refined using CCP4 Refmac ([@B40]) and Phenix ([@B41]), inspected and modified using Coot ([@B42]). Molecular models were rendered using UCSF-Chimera ([@B43]). Calculations of electrostatic properties were carried out using Delphi ([@B44]) and APBS ([@B45]). Analysis of buried surfaces was done using the Pisa server (<http://pdbe.org/pisa/>) ([@B46]).

RESULTS {#SEC3}
=======

SELEX detects the palindromic motif recognized by *hs*RosR {#SEC3-1}
----------------------------------------------------------

The SELEX experiment conducted in 4 M KCl revealed over-represented sequences (\>0.1%) that all contained the same motif, namely **TGT**-N~10~-**ACA**, although they differed substantially in terms of the bases within and outside this motif ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The palindromic nature of the motif, found in all of the over-represented sequences, is typical of sequences recognized by MarR/PadR proteins ([@B47]). Sequence S1 and other most enriched sequences (S1--S5; Table [1](#tbl1){ref-type="table"}) were further analysed. Sequence S1 showed no enrichment in low salt (1.75 M KCl) (Figure [1A](#F1){ref-type="fig"}), probably reflecting the poor folding state of the protein in such conditions ([@B19],[@B48]). However, the same sequence (Table [1](#tbl1){ref-type="table"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) was enriched as a function of increasing salt concentration (Figure [1A](#F1){ref-type="fig"}). Enrichment of this sequence was enhanced in 3 M KCl (0.434%) and more so in 4 M KCl (0.934%) (Figure [1A](#F1){ref-type="fig"}). Sequence S1 was also exponentially enriched in high salt (4 M KCl) during successive rounds of enrichment (Figure [1B](#F1){ref-type="fig"}).

###### 

SELEX results

  ---------------------
  ![](gkz604tbl1.jpg)
  ---------------------

The five sequences most enriched in SELEX round 10 (4 M KCl) are listed. The DNA binding motif is marked in red. The sequences are ranked according to their percent enrichment over the 10 rounds of SELEX. The binding constants (*K*~d~), as determined by FA, are also listed.

![SELEX and DNA-binding results. (**A**) The percentage enrichment of sequence S1 (in the last SELEX round, round 10) at different KCl concentrations. (**B**) The percentage enrichment of sequence S1 upon performing SELEX in 4 M KCl. (**C**) Binding curve of the 35 bp-long S1 sequence. (**D**) Binding curve of the 25 bp-long S1 sequence. The putative motif recognized by *hs*RosR is coloured in red. Binding reactions were performed in buffer containing 50 mM HEPES, pH 7.0, 3 M KCl and 0.02% azide. The binding affinity (*K*~d~) is shown for each sequence.](gkz604fig1){#F1}

To assess DNA-binding affinity, sequence S1 (35 bp, Table [1](#tbl1){ref-type="table"}) was labelled with a fluorophore and examined in an FA-based DNA-binding assay ([@B30]) at different salt concentrations (2--4 M). As MarR/PadR proteins usually bind 20--25 bp-long sequences ([@B47]), sequence S1 was trimmed by 5 bases at each end in an attempt to better define the recognized motif (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). The binding affinities (*K*~d~) obtained for both the complete and truncated S1 sequences were approximately the same (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). These *K*~d~ values are in the range reported for DNA-binding by other MarR/PadR proteins ([@B47],[@B49]). Therefore, we concluded that the sequence S1-bound DNA motif was not disrupted by trimming to 25 bp sequences; however, binding was completely abolished when the sequence was shortened to 20 bp. Finally, we measured the binding affinities of the next four sequences enriched in round 10 (4 M KCl) (Table [1](#tbl1){ref-type="table"}). The ranking of the DNA-binding results correlated with the percent enrichment of the sequences (Table [1](#tbl1){ref-type="table"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}).

The SELEX results combined with binding assays showed that *hs*RosR recognizes and binds different sequences containing exactly the same palindromic motif **TGT**-N~10~-**ACA**, albeit with differing binding affinities. We thus concluded that this is the essential sequence needed for DNA recognition and defined it as the *hs*RosR DNA binding motif. The differences in the binding affinity observed between the DNA sequences probably stem from the different base composition within and outside this motif, among other factors.

The effect of salt on DNA binding to *hs*RosR {#SEC3-2}
---------------------------------------------

To gain insight into the binding process under high-salt conditions, the interaction of *hs*RosR with the most enriched DNA sequence (S1) was initially investigated biochemically. To explore the effect of salt on DNA binding by *hs*RosR, we measured the binding affinities for sequence S1 (25 bp-long) at different KCl concentrations, as well as in the presence of different salts. The binding affinity increased as salt levels rose from 2 M (*K*~d~ = 168.67 ± 30.24 nM) to 3 M KCl (*K*~d~ = 37.19 ± 2.36 nM). Upon increasing the salt concentration to 3.5 and then to 4 M KCl, the affinity remained roughly the same (*K*~d~ = 23.96 ± 3.37 and 25.87 ± 2.02 nM, respectively) (Figure [2A](#F2){ref-type="fig"}, [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Upon measuring the *hs*RosR--DNA interaction in different salts (3 M), the highest affinity was observed in KCl (*K*~d~ = 37.19 ± 2.36 nM) (Figure [2B](#F2){ref-type="fig"}) in line with this being the dominant salt in the cytoplasm of *Hbt. salinarum* ([@B23]). The lower binding affinity in NaCl (*K*~d~ = 78.27 ± 8.34 nM) can be assigned to the lower preference of Na^+^ over K^+^ for the vicinity of DNA ([@B50]). The lowest affinity was in RbCl (*K*~d~ = 80.24 ± 10.24 nM), possibly as a result of the low affinity of Rb^+^ towards carboxylates ([@B51]). Binding affinity was completely abolished in either KBr or NaBr, despite the protein being stable and soluble in these salts (Figure [2B](#F2){ref-type="fig"}) ([@B19]).

![The effect of salt on DNA binding. (**A**) DNA binding at different KCl concentrations. The *X*-axis represents KCl concentrations, while the *Y*-axis represents the binding constant *K*~d~. (**B**) The effect of different salts on binding affinity. The *X*-axis represents salt type, while the *Y*-axis represents the binding constant *K*~d~. (**C**) Calorimetric titrations of sequence S1 (25 bp) into a solution containing *hs*RosR in buffer containing 20 mM HEPES, pH 7, 2 M KCl and 0.02% azide. Shown are the raw calorimetric data (top) and data fit to the integrated heat of the reaction (bottom). (**D**) The same as in panel (C) but the *hs*RosR was in buffer containing 20 mM HEPES, pH 7, 3 M KCl and 0.02% azide. (**E**) Calorimetric titrations of bromide ions (20 mM HEPES, pH 7, 3 M KCl, 100 mM KBr and 0.02% azide) into a solution containing the *hs*RosR--sequence S1 complex in buffer containing 20 mM HEPES, pH 7, 3 M KCl and 0.02% azide. Shown are the raw calorimetric data (top) and data fit to the integrated heat of the reaction (bottom). (**F**) The effect of bromide ions on sequence S1 (25 bp) binding. The *X*-axis represents KBr concentrations. The *Y*-axis represents anisotropic values.](gkz604fig2){#F2}

*hs*RosR--DNA interactions in high-salt conditions were further investigated using ITC. As with FA, the binding affinity dramatically increased as the salt level rose from 2 M (*K*~d~ = 258.75 ± 9.75) to 3 M KCl (*K*~d~ = 91.05 ± 3.25) (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). The binding stoichiometry in both experiments was approximately one, indicating that one protein dimer bound a single sequence ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). The positive Δ*S* and Δ*H* values obtained by ITC suggest that the *hs*RosR--DNA interaction is unfavourable in enthalpy terms and is instead driven by an increase in entropy ([Supplementary Table S5](#sup1){ref-type="supplementary-material"}). However, several attempts to further establish the nature of the enthalpy--entropy relations by performing ITC experiments at higher temperature failed, possibly because of adverse effects of temperature on the protein at 2--3 M salt.

FA measurements of *hs*RosR with sequence S1 (25 bp-long) in buffer containing bromide ions (NaBr and KBr) yielded no significant anisotropy value differences, even though the unbound protein was stable and soluble in these salts ([@B19]), indicating that *hs*RosR does not bind DNA in presence of bromide ions. To gain insight into this phenomenon, we also investigated *hs*RosR--DNA complex separation using ITC and in a FA-based competition assay (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}). Titration of bromide ions into a solution containing the *hs*RosR--sequence S1 complex, over the control, led to separation of the complex (Figure [2E](#F2){ref-type="fig"}). These results can be correlated with the FA results showing that binding was completely abolished by gradually replacing chloride ions with bromide ions (Figure [2F](#F2){ref-type="fig"}). The same results were also observed for sequences S2 and S3 (data not shown).

The FA and ITC results clearly show the influence of KCl concentration and different salts on DNA binding by *hs*RosR. To better understand the effect of salt on such binding and the ability of *hs*RosR to bind DNA with specificity in high-salt conditions, crystallization of complexes comprising the protein and different DNA sequences was performed and their structures were determined.

Structure of the *hs*RosR--S1 complex {#SEC3-3}
-------------------------------------

For initial *hs*RosR--DNA complex crystallization trials, the most enriched sequence, sequence S1 (Table [1](#tbl1){ref-type="table"}) was used. This sequence was trimmed such that the binding motif was positioned exactly in the middle of the 28 bp-long DNA sequence ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). First, purified *hs*RosR was mixed with the DNA and complex formation was confirmed by FA (*K*~d~ = 53.46 ± 6.54 nM) and size exclusion chromatography ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}). The elution volume of the complex indicated that a *hs*RosR dimer binds one DNA molecule and that the complex was soluble and stable in high salt-containing buffer ([Supplementary Table S6](#sup1){ref-type="supplementary-material"}). Inspection of the crystal packing of the free protein in the P2~1~ form ([@B19]) suggested that DNA could not be incorporated into the lattice since the DNA-binding domain packed against neighbouring molecules and was hence blocked. Addition of MnCl~2~, combined with a search for new crystallization conditions yielded crystals of protein--DNA complex in a new crystal form.

The structure of the complex was determined at a resolution of 2.0 Å ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}). The crystal belongs to the P1 space group with two protein--DNA complexes in the asymmetric unit (i.e. P1 unit cell), with each complex consisting of one protein dimer and a 28-bp DNA duplex ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Interactions with *hs*RosR forced a 21.75**°** bend in the DNA ([@B52]). At the same time, no significant conformational changes were observed in the protein backbone relative to the free protein (PDB: 6FDH ([@B19]); RMSD = 0.531 Å for 214 atom pairs; [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). The recognition helices (α3) from both subunits penetrate and interact with the major groove of the DNA, in addition to the wing regions that interact with the minor groove (Figure [3](#F3){ref-type="fig"}). In both subunits, interactions with the major groove are mediated through helix α3 of the wHTH domain and involve His50, the first amino acid in the helix, which directly binds to the guanine base (G8) in the middle of the binding motif of the DNA (T**G**T). Lys68 from the wing also binds to the same guanine base via the phosphate to further stabilize the complex. Leu34, Gly33 and Asn76 interact with the phosphate of the T7 base (TG**T**) via their backbone amide groups, together with hydroxyl of Tyr54. The side chains of Asn49, Arg52 and Asn56 interact with the phosphates of bases T17 and C18 from the complementary strand (Figure [3](#F3){ref-type="fig"}). Leu34 in both subunits is also involved in van der Waals interactions with bases G6 and A6, through their aliphatic side-chains. Interactions with the minor groove are mediated by residues from the wing. Arg74 from both subunits penetrates between the DNA strands to form hydrogen bonds with bases from both strands in the minor groove (e.g. C5, G24 and T25). The amide group of Lys73 forms hydrogen bond with the phosphate base T26 in both subunits to further stabilize the interactions of the protein with the DNA minor groove (Figure [3](#F3){ref-type="fig"}).

![*hs*RosR--sequence S1 structure. The overall complex structure is shown as a ribbon diagram. Each subunit is coloured magenta or cyan. The interactions of the recognition helix and the wing are shown. A linear scheme of *hs*RosR--S1 interactions is also shown. Red arrows represent interactions of *hs*RosR with the phosphate backbone, while blue arrows represent interactions of *hs*RosR with DNA bases.](gkz604fig3){#F3}

Structures of *hs*RosR complexes with other enriched sequences containing the TGT-N~10~-ACA motif {#SEC3-4}
-------------------------------------------------------------------------------------------------

The sequence percentage enrichment obtained in the SELEX experiments and the FA experiments showed that *hs*RosR is able to bind different DNA sequences with affinities that parallel their ranking in terms of binding (Table [1](#tbl1){ref-type="table"} and [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). While all the enriched sequences contain the same DNA motif, they differ substantially in terms of base composition within the variable region of the motif as well as in the flanking regions. We determined the crystal structures of *hs*RosR bound to different sequences presenting different binding affinities and analysed their relationships with *hs*RosR--S1. Specifically, crystallization of *hs*RosR with DNA sequences S2--S5 (Table [1](#tbl1){ref-type="table"}) was attempted (see [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). As in sequence S1, the binding motif recognized by *hs*RosR is also found exactly in the middle of the 28 bp-long DNA sequence in these sequences ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Despite all attempts made, sequences S2 and S3 (Table [1](#tbl1){ref-type="table"}) did not form crystals with *hs*RosR at any sequence length or under any crystallization conditions. However, sequences S4 and S5 (Table [1](#tbl1){ref-type="table"}) did form crystals of complexes with *hs*RosR ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). These structures were solved at 2.13 and 2.43 Å resolution, respectively ([Supplementary Table S7](#sup1){ref-type="supplementary-material"}), using molecular replacement (as described for the *hs*RosR--S1 structure).

Superimposing the *hs*RosR--S1 and *hs*RosR--S4 structures shows high similarity between the structures (RMSD = 0.202 Å over 231 atom pairs of protein dimers; Figure [4A](#F4){ref-type="fig"}). Most of the *hs*RosR--S1 interactions were maintained in the *hs*RosR--S4 structure, except for a few alterations. The substitution of G5 (in sequence S1) by A5 (in sequence S4) reduced the ability of Arg74 in the *hs*RosR wing area to interact with the DNA ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). In addition, the thymidine base in sequence S1 (T26) is changed to guanine in sequence S4 (G26), thus reducing the ability of Arg74 from the second *hs*RosR subunit to interact with the DNA ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Other interactions are also absent in the *hs*RosR--S4 and *hs*RosR--S5 structures compared to *hs*RosR--S1. [Supplementary Table S10](#sup1){ref-type="supplementary-material"} lists the hydrogen bonds and electrostatic interactions in the four protein--DNA complexes studied here together with their binding constants. The number of specific protein--DNA interactions in the complexes seems to be somewhat inversely correlated with the binding affinities and could potentially contribute to the preference of *hs*RosR for different sequences ([Supplementary Table S10](#sup1){ref-type="supplementary-material"}).

![Minor groove widths within crystal structures of *hs*RosR--DNA complexes. (**A**) Superposition of the structures of *hs*RosR--S1 (pink) and *hs*RosR--S4 (green). (**B**) Minor groove width plots of sequences S1 (pink), S4 (green), S5 (blue) and SG (grey) DNA structures and sequence alignment. Values reflect interphosphate distances, minus the van der Waals surface (5.8 Å). The average minor groove width of B-form DNA (6 Å) is shown. Minor groove widths were calculated using the 3-DNA server ([@B3]). A table of binding affinity constants for each sequence is shown. The sequences were aligned using Tcoffee-Expresso ([@B1]) and are displayed so as to show secondary structure elements, as determined by ESPript3.0 ([@B2]). Bases in the red box are identical, while those in yellow box are conserved. The blue frame indicates similarity across proteins.](gkz604fig4){#F4}

Quite a pronounced difference between the *hs*RosR--S1 structure and the structures of the other enriched sequences is seen in the width of the DNA minor grooves. The high-affinity S1 sequence contains an AT-rich centre (T13-T16) that is not in direct contact with the protein but whose minor groove is severely compressed, relative to average B-form DNA (Figure [4B](#F4){ref-type="fig"}). The S4 sequence, for example, contains four central GC base pairs (C13-G16). These substitutions cause a wider minor groove in the latter structure (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The structure of *hs*RosR--S5 shows similar features in terms of interactions with the protein and width of the minor groove (Figure [4B](#F4){ref-type="fig"}). Thus, the structural data extracted from the S1-, S4- and S5-containing complexes, together with the FA results, suggest that the affinity of *hs*RosR for its DNA target is not simply dependent upon recognition of DNA functional groups by the protein side chains (i.e. direct readout) but also relies on an indirect readout mechanism of the minor groove width. The crystal structures of the *hs*RosR complexes together with their affinities support this notion (Table [1](#tbl1){ref-type="table"} and Figure [4](#F4){ref-type="fig"}).

Comparison of *hs*RosR--DNA interactions with mesophilic MarR/PadR--DNA interactions {#SEC3-5}
------------------------------------------------------------------------------------

The structures of *hs*RosR--DNA complexes described here show that binding of the *hs*RosR **TGT**-N~10~-**ACA** motif is mediated by wHTH domains from both monomers such that the recognition helices insert into the major groove in two locations along the DNA helix. A similar binding pattern is employed by the PadR transcription factor from *Bacillus subtilis* ([@B53]) that binds a shorter palindromic **TGT**-N~8~-**ACA** motif (Figure [5A](#F5){ref-type="fig"}) and also by the oxidation-sensing MosR from *Mycobacterium tuberculosis* ([@B39]), which binds an even shorter palindromic motif, **TGT**-N~4~-**ACA** (Figure [5A](#F5){ref-type="fig"}). Since the three **TGT**-N~x~-**ACA** motifs are of different lengths, the spatial organization of the wHTH domains around the DNA differs among the three proteins, as demonstrated schematically for the recognition helices in Figure [5B](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"} and which follows from the different dimeric structures of the proteins. Superposition of the complete PadR^dsDNA^ structure (PDB code: 5X11) on the structure of *hs*RosR--S1 shows that only one wHTH-containing monomer of PadR^dsDNA^ overlaps one monomer of *hs*RosR ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}; RMSD = 0.84 Å over 58 atom pairs). The same holds true for superposition of the MosR structure (PDB code: 4FX4) on *hs*RosR ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}; RMSD = 0.93 Å over 109 atom pairs). Despite the different dimeric organization, *hs*RosR--S1 and PadR^dsDNA^ share common DNA-binding residues from their α3 helix; *hs*RosR His50, Tyr32, Tyr 54 and Arg52 and their PadR counterparts His38, Tyr20, Tyr42 and Gln40 appear to contribute to binding in similar manners (Figure [5C](#F5){ref-type="fig"}). In MosR, different residues from the recognition helix play the same role, namely Arg70, Thr71, Thr72, Arg75 and Asn76 together with Lys97 and Arg95 from the wing. Thus, the hypersaline environment in which *hs*RosR operates is not reflected in protein--DNA contacts of the complex. Rather, as explained below, the salinity effect manifests itself in the stages leading to formation of the protein--DNA complex.

![Comparison of DNA binding by *hs*RosR-S1with PadR^dsDNA^ and MosR. (**A**) Alignment of sequence S1, the sequence used in crystallization of PadR^dsDNA^ (PDB code: 5X11) and the sequence used in crystallization of MosR from *Mycobacterium tuberculosis* (PDB code: 4FX4). (**B**) Superposition of the DNA and the recognition helices of *hs*RosR--sequence S1 (cyan and red, respectively), PadR^dsDNA^ (pink and yellow, respectively) and MosR (grey and green, respectively). The complete structures were superimposed as described in the text. Only the relevant parts are shown. (**C**) Superposition of *hs*RosR--sequence S1 (cyan) and PadR^dsDNA^ (gold) complexes involving protein monomers. The common amino acids that participate in DNA binding are shown. (**D**) The DNA and the recognition helices of *hs*RosR--sequence S1 (cyan and red, respectively), PadR^dsDNA^ (pink and yellow, respectively) and MosR (grey and green, respectively) are shown.](gkz604fig5){#F5}

Not surprisingly, MarR proteins with recognition motifs other than **TGT**-x-**ACA** ([Supplementary Table S11](#sup1){ref-type="supplementary-material"}) also show variations in the dimeric organization around the recognition motif, as well as in the residues participating in DNA binding from the recognition helix α3 and the wing. [Supplementary Figure S8](#sup1){ref-type="supplementary-material"} shows these structural variations for two proteins from those listed in [Supplementary Table S11](#sup1){ref-type="supplementary-material"}. With the notable exception of helix α3 in MepR ([@B54]), residues involved in electrostatic interactions and hydrogen bonds dominate the composition of helix α3, as observed for *hs*RosR, PadR and MosR and other MarR proteins (see [Supplementary Figures S8, S9](#sup1){ref-type="supplementary-material"} and [Supplementary Table S11](#sup1){ref-type="supplementary-material"}). Arginine in the wing domain is frequently encountered as a prominent feature in all the wHTH proteins presented here and probably also in other proteins assuming this topology (e.g. see [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).

Defining the genomic sequences bound by *hs*RosR {#SEC3-6}
------------------------------------------------

Having determined by SELEX the binding motif recognized by *hs*RosR, we subsequently asked whether this motif exists in the *Hbt. salinarum* genome and whether the interactions detected in the SELEX experiments are biologically relevant. While previous ChIP-ChIP studies proposed genomic binding sites for *hs*RosR under physiological conditions and during oxidative stress ([@B17],[@B18]), the exact genomic *hs*RosR-binding sequences remain to be defined.

Scanning the *Hbt. salinarum* genome for the DNA motif recognized by *hs*RosR (**TGT**-N~10~-**ACA**) yielded 852 candidate target sequences (only in the main chromosome). Since this is a relatively large number of targets, we performed gSELEX ([@B22]) experiments to define the exact genomic binding sites of *hs*RosR. The gSELEX experiments were conducted exactly as were the SELEX experiments, except for the initial library used. Here, the initial library comprised ∼150 bp-long genomic DNA fragments. Using gSELEX, we identified 22 peaks (score \>1000) across the *Hbt. salinarum* genome ([Supplementary Table S8](#sup1){ref-type="supplementary-material"}). The five strongest peaks detected in experiments performed at either 3 or 4 M KCl were similar (data not shown). The genomic target sites identified are in agreement with previous results of Toner *et al.*, who investigated *hs*RosR genomic target sites using a ChIP-ChIP approach (Figure [6](#F6){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}) ([@B18]). A similar motif as identified in the SELEX experiments (**TGT**-N~10~-**ACA)** was observed in all five of the strongest peaks detected in the gSELEX experiments, indicative of the agreement between the gSELEX and SELEX results (Figure [6](#F6){ref-type="fig"} and [Supplementary Table S9](#sup1){ref-type="supplementary-material"}). The five strongest peaks areas identified by gSELEX are found in putative promoter regions of *vng1059c-vng1060h* (i.e. the site is between those two genes), *vng0991h, vng0551g, vng1615g* and *vng0050c* (Figure [6](#F6){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}), as would be expected for a transcription factor like *hs*RosR ([@B55],[@B56]). Using gSELEX, we were also able to identify new binding sites, namely in the promoters of *vng0551g* and *vng1615g* (the third and fourth strongest peaks, respectively). These sites were not previously reported as binding *hs*RosR (Figure [6](#F6){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}).

![Genomic SELEX results. The 22 target sites of *hs*RosR (peak score \> 1000) are plotted across the *Hbt. salinarum* genome (main chromosome). The five strongest peaks are marked as follows. The peaks marked in light blue are correlated to previously reported binding sites ([@B15]), while the peaks marked in red represent the new binding sites for *hs*RosR. Zoom-ins of the new binding locations (reflecting high and low affinity sites) are shown, as are the sequences, binding curves and *K*~d~ values.](gkz604fig6){#F6}
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Comparison of genomic SELEX results with previous results
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The identities of the five strongest peaks were compared to *hs*RosR-binding sequences previous reported ([@B15]). Genes, genome positions, gSELEX scores and the proteins encoded by those genes are listed. The new genomic positions found in this work are marked in red.

To define more precisely the genomic target site(s), sequences containing the binding motif found in the five strongest peak areas identified by gSELEX (30 bp-long) were subjected to a FA-based binding assay (Figure [6](#F6){ref-type="fig"} and [Supplementary Table S9](#sup1){ref-type="supplementary-material"}). Surprisingly, *hs*RosR bound only to the new binding sites, namely the third and fourth strongest peaks, corresponding to a high affinity site located in the promoter region of *vng1615g* and a low affinity site located in the promoter region of *vng0551g*, respectively (Figure [6](#F6){ref-type="fig"}, Table [2](#tbl2){ref-type="table"} and [Supplementary Table S9](#sup1){ref-type="supplementary-material"}).

Finally, we also determined the crystal structure of *hs*RosR bound to the sequence found in the high affinity site of *vng1615g* (termed sequence SG; [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). A similar mode of DNA-binding, interactions with the protein, as well as correlation between DNA minor groove width and binding affinity were observed in the structure of *hs*RosR bound to sequence SG as seen in the structures of *hs*RosR--S1, *hs*RosR--S4 and *hs*RosR--S5 SELEX-identified sequences (i.e. sequences S1, S4 and S5) (Figure [4](#F4){ref-type="fig"}).

Investigating the effects of the hypersaline environment on the electrostatic and DNA-binding properties of *hs*RosR {#SEC3-7}
--------------------------------------------------------------------------------------------------------------------

It was shown by Elcock and McCammon ([@B48]) that the screening effect attributed to the high concentrations of salts in the hypersaline environment (∼5 M) contributes significantly to the stability of halophilic proteins by causing a rise in the p*K*a values of acidic residues on the protein surface. This salt-related effect should also manifest itself as global changes in the surface charge distribution that is known to be critical for protein--DNA interactions ([@B3],[@B57]). We, therefore, investigated the effect of salt concentration on the surface electrostatics of *hs*RosR and on the electrostatic contribution to the DNA-binding energy using the Poisson--Boltzmann approach as implemented in the Delphi ([@B44],[@B58],[@B59]) and APBS ([@B45]) programs. The dielectric constants used throughout the calculations were those recommended for halophilic proteins ([@B48]): *ϵ* = 20 for the protein and salt concentration-dependent *ϵ* values for the solvent ([@B48],[@B60]). Calculations were performed on the *hs*RosR--S1 complex.

The results are shown in [Supplementary Table S12](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S10](#sup1){ref-type="supplementary-material"}. At zero salt concentration, the average electrostatic potential on the surface of *hs*RosR and DNA is extremely negative: −17.5 and −22.9 *kT*/*e*, respectively, with no evidence of positive potential on the protein surface ([Supplementary Table S12A](#sup1){ref-type="supplementary-material"}). Increasing the salt concentration significantly reduces the average negative potential while amplifying the positive potential on the protein surface. The effect of the increased salt concentration is also demonstrated by probing the electrostatic surface potential at several specific DNA contact points in the binding site ([Supplementary Figure S10A](#sup1){ref-type="supplementary-material"}). The dramatic difference with the electrostatic surface potential of the DNA-binding site of the mesophilic PadR is shown for comparison ([Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}). As in other cases of formation of protein--DNA complexes ([@B3],[@B57]), the electrostatic contribution to the binding free energy of the complex reflects mostly unfavourable electrostatic interactions that decreases with the salt concentration reaching a value of +35.9 kJ/mole at 5 M ([Supplementary Table S12B](#sup1){ref-type="supplementary-material"}). Additional factors contribute to binding free energy and formation of the protein--DNA complexes (see 'Discussion' section).

DISCUSSION {#SEC4}
==========

The effect of salts on the formation of protein--DNA complexes has been extensively studied ([@B3],[@B11],[@B57]). In mesophiles, increasing the salt concentration weakens binding ([@B61]), whereas in halophiles the salt effect is reversed. The protein-binding process is driven by long-range electrostatic interactions between the positively charged DNA-binding site on the protein and the negatively charged DNA ([@B3],[@B57]). These favourable electrostatic interactions are, however, opposed by unfavourable changes in the solvation of both protein and DNA associated with removal of charged and polar groups from the solvent and displacement of salt ions around the DNA, together with conformational changes in the protein and DNA ([@B3],[@B62]). The major force driving the protein--DNA binding process appears to be the release of water molecules from the surfaces of the protein and DNA that become buried upon complexation ([@B3]). Specificity of binding is achieved through attraction between the positively charged binding site and the cognate DNA. In the case of *hs*RosR, the encounter between the DNA-binding site and the DNA is hampered by the overall extreme negative charge on the protein surface (56 Glu/Asp per protein dimer versus 30 Arg/Lys) and moreover, by the negatively charged residues surrounding the DNA-binding site (see Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S10A](#sup1){ref-type="supplementary-material"} ([@B19])). Screening by the high-salt concentration essential for stabilization of halophilic proteins ([@B48]) markedly reduces the negative charge on the protein surface. Our electrostatic calculations demonstrate the clear effect of high-salt concentrations on the overall surface potential and particularly in the binding site. Only at high-salt concentrations can the positive charge in the binding site exert sufficient attraction on the DNA, leading to the formation of a stable complex ([Supplementary Table S12A](#sup1){ref-type="supplementary-material"}). Probing the electrostatic potential at several DNA contact points in the binding site also reveals an increase in the positive potential as a function of the salt concentration ([Supplementary Figure S10A](#sup1){ref-type="supplementary-material"}). The sharp contrast with electrostatic potential in the DNA-binding site of the mesophilic PadR is demonstrated in [Supplementary Figure S10B](#sup1){ref-type="supplementary-material"}.

To get a rough estimate of the various contributions to the binding free energy, we followed steps described in the context of other protein--DNA complexes ([@B3],[@B57]). We calculated using Delphi the electrostatic contribution to the binding free energy in various salt concentrations and derived values that are unfavourable to complex formation, as in other cases ([@B3]) ([Supplementary Table S12B](#sup1){ref-type="supplementary-material"}). When combined with the Δ*G* of −103.7 kJ/mole arising from burying surface residues at the protein--DNA interface and release of water molecules ([@B46]), the results differ from the experimental Δ*G* of binding (derived from the binding constants; see [Supplementary Table S4](#sup1){ref-type="supplementary-material"}) by +20 kJ/mole on average ([Supplementary Table S12B](#sup1){ref-type="supplementary-material"}), most likely due to neglecting unfavourable entropic interactions associated with conformational changes in the protein and DNA upon complex formation ([@B3]). Given the uncertainties in the model underlying the calculations, the estimate of the free energy of binding is acceptable, as also pointed out in other well-studied cases ([@B3]). Altogether, the Poisson--Boltzmann approach rationalizes quite well the DNA binding as a function of salt concentration observed in our experiments. It also emphasizes the contribution of the high-salt concentration to the early stages leading to formation of protein--DNA complex. The actual protein--DNA interactions observed in the final structures of *hs*RosR complexes do not involve salt ions (Figure [3](#F3){ref-type="fig"} and [Supplementary Table S10](#sup1){ref-type="supplementary-material"}). Rather, they share similarities with such interactions observed in wHTH mesophilic proteins.

Our SELEX experiments identified the DNA motif recognized by *hs*RosR as **TGT**-N~10~-**ACA** (Figure [1](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}; [Supplementary Table S3](#sup1){ref-type="supplementary-material"}). The SELEX results showed that like other members of the MarR/PadR families, *hs*RosR binds a palindromic motif. gSELEX experiments yielded a list of 22 significant peaks that were assigned as the genomic targets bound by *hs*RosR. Measurable binding affinities could be recorded for only two of these sequences, namely a relatively high affinity site located in the promoter region of *vng1615g* (encoding hydroxymethylglutaryl-CoA synthase) and a lower affinity site located in the promoter region of *vng0551g* (encoding the 50S ribosomal protein L44e) (Figure [6](#F6){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}; [Supplementary Table S9](#sup1){ref-type="supplementary-material"}). The biological significance of *hs*RosR binding to these novel genomic targets is yet unknown, including whether *hs*RosR activates or represses these genes. Compared to an earlier study ([@B18]), we identified three additional DNA target sites (the first, second and fifth most strongly gSELEX-bound sequences, namely the promoters to *vng1059c-vng1060h, vng0991h* and *vng0050c*; Table [2](#tbl2){ref-type="table"}), reinforcing the idea that *hs*RosR is also involved in the regulation of these genes. The existence of binding sites recognized with different affinities could imply different modes of regulation, although further experiments are needed to clarify this point.

The SELEX and gSELEX results agree on the binding; however, the sequences recognized by *hs*RosR differ in terms of base composition within and bordering the binding motif, leading to differences in the binding affinity (Figure [6](#F6){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}; [Supplementary Tables S3 and S9](#sup1){ref-type="supplementary-material"}). The structural data derived from the complex structures provided insight into the effect of DNA shape and sequence on the binding and suggested that direct and indirect readout mechanisms contribute to such binding ([@B63],[@B64]). The direct mechanism involves specific interactions of *hs*RosR with the binding motif while, for example, in the case of the AT-rich N~12~-N~17~ segment in sequence S1, the narrower minor DNA groove is also important for indirect recognition and binding affinity (Figure [4](#F4){ref-type="fig"}). The effects of base pair sequence composition on DNA shape and affinity have been extensively studied and addressed in studies of other DNA-binding proteins ([@B1],[@B64]). This dual DNA-binding mechanism most likely explains the preference of *hs*RosR for different sequences. The same mechanism also provides rationale for the fact that not all the sequences identified by *in vitro* gSELEX showed measurable binding affinity to *hs*RosR, even though they contain the same recognition motif.

Both the SELEX and the gSELEX experiments showed how critical the salt concentration is for DNA binding. To more fully understand the effect of salt, we assessed *hs*RosR--S1 interactions in different KCl concentrations using FA. Unlike non-halophilic protein--DNA interactions, the binding affinity of *hs*RosR to its preferred DNA sequence increased as a function of salt concentration (Figure [2A](#F2){ref-type="fig"}). At 2 M salt concentration the protein is not well folded ([@B19]). Increasing the concentration from 2.5 to 4 M KCl augments the DNA-binding affinity, reflecting the stabilizing effect of higher salt concentration on *hs*RosR and on the electrostatic surface potential ([Supplementary Table S12A](#sup1){ref-type="supplementary-material"} ([@B48],[@B70])). The effect of salt concentration is also observed in the ITC measurements conducted in 2 and 3 M KCl (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). Tryptophan emission scanning of *hs*RosR in different salt concentrations showed slightly different conformations when performed in 2 or 3 M KCl ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Once *hs*RosR attains its active conformation (in ∼3 M KCl), the binding affinity for DNA remains roughly the same, even as the salt concentration is raised to 4 M (Figure [2A](#F2){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

In previous work, we used anomalous diffraction from bromides to locate a large number of anions in positively charged areas on the protein surface and in the DNA-binding site (see Figure [3](#F3){ref-type="fig"} in ([@B19])). As in other halophilic proteins, the presence of the ionic shells and their interaction with highly enriched acidic residues typical of such proteins rationalize their ability to remain soluble and stable in the hypersaline environment ([@B19],[@B48],[@B71],[@B72]). In the current study, anomalous scattering from bromides could not be used for detecting ions directly in the crystals simply because, as explained above, bromides prevent formation of *hs*RosR--DNA complex. However, superposition of the electrostatic surface of *hs*RosR structure in NaBr (PDB code: 6EZ1 ([@B19])) with the *hs*RosR--S1 structure clearly shows that bromide ions (or chlorides ([@B19])) occupying the DNA-binding site would have to be released in order for DNA to bind to the site (Figure [7](#F7){ref-type="fig"} and [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}) and prevent electrostatic repulsion with DNA phosphates. Movement of ions upon formation of protein--DNA complex due to release from the protein and DNA surfaces is an important factor in theoretical and biophysical studies of DNA-binding processes ([@B3]). Here, we have a clear demonstration of movement of ions from the DNA-binding site.

![Superposition of the structures of the *hs*RosR--sequence S1 complex and of *hs*RosR solved from NaBr (PDB code: 6EZ1). The *hs*RosR protein structure is shown as electrostatic surface potential (units: ±1 *kt*/*e*), while the DNA is shown as a sphere. Only the bromide ions of the *hs*RosR solved from NaBr are shown as green balls.](gkz604fig7){#F7}

The effect of salt composition on DNA binding to proteins is known ([@B4],[@B73],[@B74]). Most striking in the case of *hs*RosR is the effect of bromides that completely abolish formation of a protein--DNA complex. Furthermore, crystals of the complex dissolved upon addition of minute amounts of 2.5--3.0 M KBr solution (not shown). Both the ITC and FA experiments clearly demonstrated competition between DNA and bromide ions for binding the protein. In fact, the results suggested that bromide ions have higher affinity for the protein, as compared to the DNA. Hence, by binding to the protein, especially in the DNA-binding site, bromide ions essentially push out and replace the DNA, leading to complex separation.

The total protein and DNA surfaces area buried upon DNA binding is 1891 Å^2^ contributing −106.3 kJ/mole ([@B46]) to the free energy of binding. Ions as well as water molecules in the DNA-binding site and around the DNA rearrange so as to physically allow binding to occur. As shown by ITC, the DNA-binding reaction is endothermic and could be entropy-driven (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}; [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). The maintenance of interactions between the negatively charged surface of halophilic proteins and nucleic acids in a hypersaline environment requires specific structural adjustments ([@B75]). Comparison of the interactions of *hs*RosR and mesophilic PadR from *Bacillus subtilis* bound to their cognate DNA sequences identified common residues that participate in the binding, suggesting similar modes of DNA binding (Figure [5](#F5){ref-type="fig"}). The structures of *hs*RosR complexes showed that DNA binding is mediated by the wHTH motif, similar to what is seen with other MarR/PadR proteins. Therefore, we conclude that once the encounter between DNA and the DNA-binding site takes place in the hypersaline medium, the halophilic *hs*RosR protein recognizes its DNA targets much as do mesophilic proteins in a low salt environment. This conclusion is in accord with the preservation of function common to halophilic proteins on the background of the extensive substitution of surface residues necessary for adaptation to their hypersaline environment, as we previously discussed ([@B19]). In the context of DNA binding to *hs*RosR, the high-salt concentration in the *Hbt. salinarum* cytoplasm (∼5 M ([@B23])) thus serves a dual role, namely stabilization of the protein and maintenance of surface electrostatic potential conducive to specific DNA-binding.

In summary, our study sheds light on the ability of *hs*RosR to specifically recognize and bind its DNA targets in a hypersaline environment where electrostatic interactions are in general weakened. A currently unresolved question asks how *hs*RosR functions in response to oxidative stress. Indeed, the fact that *hs*RosR lacks cysteine residues, known to be essential for the activity of other known RosR proteins for ROS signalling ([@B47],[@B76]), raises questions as to the exact mechanism employed by *hsRosR*.

DATA AVAILABILITY {#SEC5}
=================

The atomic coordinates and structure factors for *hs*RosR--S1 (PDB code: 6QIL), *hs*RosR--S4 (PDB code: 6QFD), *hs*RosR--S5 (PDB code: 6QH0) and *hs*RosR--SG (PDB code: 6QUA) complexes have been deposited in the Worldwide Protein Data Bank (<https://www.wwpdb.org>)
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